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HIGH-THROUGHPUT TECHNOLOGIES FOR GENE EXPRESSION ANALYSES: WHAT
WE HAVE LEARNED FOR NOISE-INDUCED COCHLEAR DEGENERATION
Hu Bo Hua
Abstract
Noise-induced hearing loss is a common cause of acquired hearing loss in the adult population. Acoustic
overstimulation causes cochlear damage through mechanical stress to the tissue. Consequently, complex molec⁃
ular changes are initiated, and these changes lead to morphological and biological alterations in the cochlea,
which in turn compromise the cochlear function and cause hearing loss. In the past 10 years, there have been
significant advances in our understanding of the molecular mechanisms of noise-induced hearing loss. These
advances are attributed, in part, to the development of high-throughput technologies for the global analyses of
molecular changes. In this review, we briefly describe the newly developed methods for investigating the mo⁃
lecular responses of the cochlea to acoustic trauma and the knowledge generated from these studies. We also
discuss the strengths and limitations of each technique and the major challenges to investigate cochlear degen⁃
eration following acoustic injury.
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Noise-induced cochlear damage is a major cause of ac-
quired hearing loss in the adult population. In the past,
researchers from both basic and clinical disciplines have
focused on the functional, morphological and biological
consequences of acoustic injury. In recent years, tremen-
dous attention has been shifted to the molecular mecha-
nisms underlying these functional and morphological
changes. We have recently witnessed a rapid accumula-
tion of knowledge concerning the molecular mecha-
nisms of noise-induced hearing loss. These advances oc-
cur in part through the development of new technolo-
gies, including methods for the large-scale analysis of
gene expression. In this review, we summarize the new
advances in studies of noise-induced hearing loss, focus-
ing on high-throughput techniques for gene expression
analyses. In addition, major challenges to the hearing re-
search community for molecular studies of cochlear tis-
sues are discussed. In recent years, there have been ex-
cellent reviews on noise-induced cochlear damage [1,6,9,30].
Interested readers can refer to these articles for details.
Transcriptional Analyses of Noise-induced
Changes in Cochlear Gene Expression
Characterizing the gene expression profile is an impor-
tant step to understand the molecular composition of tis-
sues/cells and the molecular responses to stress. To un-
derstand the transcriptional changes in cochlear gene ex-
pression, quantitative analyses of mRNA expression
through qRT-PCR has been the method of choice. Tradi-
tional methods examine one gene at a time. While these
methods provide important information on the expres-
sion abundance of many genes of interest, the amount of
the information is slowly accumulated, making it diffi-
cult to obtain a comprehensive view of the global chang-
es. Recent advances in high-throughput technologies for
transcriptional analysis have provided an opportunity to
perform a global analysis of gene expression.
Microarray Technology
The principle of microarray technology is that mRNAs
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extracted from a tissue of interest are hybridized in paral-
lel to a large number of DNA sequences immobilized on
a solid surface, such as glass slides or nylon membranes.
Because the spots for the reaction on the solid surface
are extremely small, typically 100-300 μm in size, this
method allows the simultaneous detection and quantifica-
tion of tens of thousands of transcript species. For this
analysis, mRNAs are extracted from tissues, converted
to DNA, labeled, and subsequently hybridized to the
DNA elements on the array surface. Numerous strate-
gies, including phosphor imaging and fluorescence scan-
ning, have been developed to detect the hybridized prod-
uct. The use of different fluorophores, such as Cy3 and
Cy5, facilitates the detection of two sets of mRNAs ex-
tracted from two different samples in one array.
Microarray technology has been used to screen the ex-
pression profile of noise-traumatized cochlea[7,12,23,31].
Kirkegaard and co-workers used oligonucleotide micro-
array to define the differential expression of genes at 3
and 24 h following exposure to noise, identifying a total
of 61 differentially expressed genes[23]. The upregulated
genes identified at 3 h after noise exposure, are function-
ally associated with transcription control and oxidative
stress. The genes upregulated at 24 h post-noise expo-
sure are associated with inflammatory and antioxidant
pathways. In another study, Cho and co-workers report-
ed expression changes for genes encoding transcription
factors (c-FOS, EGR1, NUR77/TR3) and cytokines (PC3/
BTG2, LIF and IP10) in cochleae showing permanent
hearing loss[7]. These large-scale screenings of transcrip-
tional expression profiles reveal that transcription factors
play a major role in cochlear degeneration process.
Microarrays have also been used to define pathway-spe-
cific changes, such as the inflammatory response[32] and
the Map kinase pathway-related response[25]. For the in-
flammatory response, Tornabene and co-workers identi-
fied multiple up-regulated genes, including MCP-5,
MCP-1, MIP-1β and ICAM-1[32]. For the Map kinase
pathway response, Maeda and co-workers reported acti-
vation of the phospho-MEK1/ERK1/2/p90 RSK signal-
ing pathway in the spiral ligament and in the sensory and
supporting cells of the organ of Corti[25]. Together, these
observations reveal the involvement of multiple signal-
ing pathways in noise-induced cochlear pathogenesis.
The microarray technique simultaneously measures
the expression levels of a large number of genes, and
therefore is suitable for a screening study. However, there
are several limitations associated with this method [10].
First, the sensitivity of the analysis is insufficient for the
detection of low-abundance genes. Second, cross-hybrid-
ization causes non-specific labeling, resulting in an in-
crease in the false-positive rate. Third, the dynamic
range of detection for expression analyses is limited. Be-
cause of these limitations, microarray data commonly re-
quire further verification using more sensitive and quan-
titative assays, including qRT-PCR.
qRT-PCR Array Technology
qRT-PCR has been used as a gold standard for tran-
scriptional analyses. This technique features high sensi-
tivity, accuracy and a large dynamic range. However,
PCR experiment with the traditional qRT-PCR platform
is time-consuming because of the low-throughout. To in-
crease the throughput of this method, a qRT-PCR array
technique has been developed. For commercially avail-
able arrays, a set of RNA probes is typically preloaded
onto the array plate in either 96- or 384-well format.
This method facilitates the simultaneous measurement of
a large number of genes of interest, and these genes are
associated with a defined signaling pathway or a cellular
process.
Our lab has used this array technique to screen expres-
sion changes of apoptosis-, cell adhesion-, and extracel-
lular matrix-associated genes[4,18,19]. For apoptosis-related
genes, we observed the constitutive expression of multi-
ple apoptosis genes under physiological conditions, sug-
gesting that apoptosis-related genes also play a role in
the maintenance of normal cellular functions. We also
observed a time-dependent change in gene expression.
Immediately after noise exposure, 12 genes were down-
regulated, whereas only one gene (Traf4) was upregulat-
ed. At 4 h after noise exposure, the upregulation of gene
expression became a dominant change. Among the up-
regulated genes, three genes (Tnrsf1a, Tnfrsf1b, Tnfrst5)
belong to the Tnfrsf family, three genes (Bir3, Mcl1 and
Prok2) have anti-apoptotic properties and one gene
(Gadd45a) is a target of p53. The deferentially expressed
genes identified in this screening study might be in-
volved in the regulation of cochlear apoptotic activity
following acoustic injury.
We also used a qRT-PCR array card (Applied Biosys-
tems) to profile the expression of microRNAs (miRNAs)
in the rat cochlea[28]. This array platform contains 378 ma-
ture miRNAs and 5 endogenous controls, many of which
have been highly characterized in non-cochlear tissues.
Using this array card, we identified over 200 constitu-
tively expressed miRNAs in the normal sensory epitheli-
um tissue of the rat cochlea. Many of the identified miR-
NAs have not been previously reported for the cochlear
tissue. Moreover, the analysis revealed time-dependent
expression changes after acoustic overstimulation. At 2 h
post-noise exposure, a single gene, miR-331-5p, was sig-
nificantly upregulated. At 1 d post-noise exposure, 20
miRNAs (miRs 10a, 107,124,130b, 146b, 183, 186,
190b, 194, 200c, 30d, 30e, 325, 333, 339-3p, 381, 429,
532-3p, 674 and 99b) were significantly downregulated,
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suggesting the delayed response of miRNA regulation. A
target-prediction analysis revealed potential target genes
for the significantly downregulated miRNAs, many of
which had cell death- and apoptosis-related functions.
This observation suggests that miRNAs participate in the
stress responses of the cochlea following acoustic trau-
ma.
Thus, the qRT-PCR array technique exhibits the tech-
nical strength of qRT-PCR, such as high sensitivity and a
large dynamic range. However, the throughput of this re-
mains low. Because of the limited throughput, this meth-
od is not suitable for a global expression analysis, but is
ideal for a focused pathway analysis.
Next-generation sequencing techniques for transcrip-
tome analyses
The transcriptome comprises the complete set of tran-
scripts in a cell for a given physiological/pathological
condition. Analysis of the transcriptome is essential for
revealing the molecular constituents of cells and tissues
and interpreting the functional elements of the genome.
The analysis also provides a comprehensive view of the
differential expression of genes in tissues under stress.
The RNA-sequencing (RNA-seq) technique is a new-
ly developed deep sequencing method for transcriptome
analyses[34]. Unlike the Sanger sequencing developed by
Sang et al in the mid 1970’s[29], RNA-seq is performed in a
massively parallel fashion, and the sequence information
is captured using a computer. Therefore, the efficiency
of this analysis is substantially improved, facilitating the
profiling of global changes at the transcriptional level.
Moreover, sequence-based approaches directly deter-
mine the cDNA sequence, facilitating the identification
of both known and unknown genes.
The RNA-seq workflow includes data acquisition and
data analysis[35]. For data acquisition, most RNA-seq ex-
periments require a sample of purified RNA, which is
converted to cDNA and sequenced on a high-throughput
platform, such as the Illumina GA/ HiSeq, SOLiD or
Roche 454. This step generates 30-400 bp sequence
reads. For data analysis, the reads are aligned to the ge-
nome sequences of corresponding species using soft-
ware, such as TopHat[33] and Bowtie[24]. The resulting
alignments are further assembled and annotated. RPKM
and FPKM are two units commonly for expression analy-
sis. RPKM is reads per kilobase per million mapped and
FPKM is fragments per kilobase of transcript per million
fragments mapped.
We have used the RNA-seq technique to determine the
transcriptome of normal cochlear sensory epithelium and
differentially expressed genes after acoustic trauma [28].
Our sequencing experiment revealed an average of 176 ±
21 million reads for the normal samples collected from
the rat cochlea. These sequence reads were aligned to the
rat reference genome sequence (USCS Genome Brows-
er, Rn4). We revealed 12,041 gene transcripts in the nor-
mal cochlear sensory epithelium. In the cochlear samples
collected at 1 d after exposure to broadband noise at 120
dB (SPL) for 2 h, we observed 164 ± 47 million reads
and identified 71 upregulated and 7 downregulated
genes. Moreover, the bioinformatics analysis using the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) revealed that these expression-al-
tered genes are associated with multiple signaling path-
ways, including the chemokine signaling pathway, the
cytokine—cytokine receptor pathway, the toll-receptor
signaling pathway, and the complement pathway. Among
these pathways, the complement pathway, an immune re-
sponse-related pathway for clearing dying cells from tis-
sues, has not been implicated in cochlear pathogenesis.
This study provided a comprehensive analysis of the
gene components in cochlear tissue and their responses
to acoustic trauma.
RNA-seq has received much attention in scientific
communities. In addition to its high-throughput ability,
RNA-seq has several significant advantages over the
classical techniques for transcriptional analyses. First,
RNA-seq does not require knowledge of the genomic se-
quence. Therefore, identification of novel genes is possi-
ble. Second, this technique has low background noise
and therefore excellent sensitivity. Third, the dynamic
ranges for expression analysis are high, offering a more
accurate capture level. Fourth, the resolution of the anal-
ysis, up to 1 db, is excellent and suitable for revealing se-
quence variations. The challenges to RNA-seq analyses
lie in results analysis. The datasets generated from a
RNA-seq experiment are huge. The data analyses com-
monly require a high-performance computer system and
bioinformatics specialists. The cost of RNA-seq is high,
hindering the wide use of this technique in many labs.
As the cost of sequencing continues to decrease,
RNA-Seq is expected to replace microarrays for the in-
vestigation of molecular changes induced through acous-
tic overstimulation.
High-throughput Protein Analyses
Accurate description of biological processes requires
in-depth knowledge of protein expression and functional
states. The protein expression profile is poorly associat-
ed with the transcriptional expression pattern[8,20]. There-
fore, it is important to define the protein expression to
understand the systematic changes in molecular respons-
es to acoustic injury. Although classical methods of pro-
tein analyses, such as ELISA, Western blot, immunoblot-
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ting, immunochemistry, are readily available and rela-
tively easy to perform, analyses of multiple proteins us-
ing these methods are costly and time and labor inten-
sive. In recent years, several high-throughput proteomics
platforms, including antibody array, reverse protein mi-
croarray and mass spectrometry, have emerged[22,26].
Protein microarray assays facilitate the identification
and quantification of a large number of target proteins in
a single experiment. Protein microarray is a valuable
tool for analysis of not only the expression profile but al-
so the interactions between proteins and between pro-
teins and other molecules, such as peptides, low molecu-
lar weight compounds, oligosaccharides and DNA. In
general, the capture molecules, e.g., highly specific and
selective antibodies, are immobilized on a solid surface,
such as a glass slide, in the same manner as in the micro-
arrays for transcriptional analyses. Cell extracts are quan-
titatively labeled with fluorescent markers and subse-
quently incubated on the array. The bound proteins are
detected using an instrument for conventional DNA mi-
croarray technology.
In a recent study from our lab[21], an antibody microar-
ray was used to capture early changes in protein expres-
sion in three distinct partitions of the cochlea, the senso-
ry epithelium, the lateral wall and the modiolus, follow-
ing exposure to an intense noise at 112 dB SPL for 2 h.
The study revealed that at early phases of cochlear patho-
genesis (2 h post-noise exposure), the three cochlear par-
titions exhibited different protein changes. Further bioin-
formatics analysis of the cochlear protein profile, using
DAVID, showed an association between protein changes
and cell death. Moreover, an increase in Fas expression
and FAK and p38/MAPK phosphorylation was ob-
served, suggesting involvement of the p38/MAPK-sig-
naling pathway in cochlear pathogenesis. Similar to
acoustic trauma, ototoxic substances induce stress re-
sponses in the cochlea. Using a high-performance re-
verse protein microarray technology and phospho-specif-
ic antibodies, Caelers and co-workers examined the acti-
vation of defined molecules involved in cellular signal-
ing following gentamicin treatment[3]. This study also re-
vealed the involvement of p38 in cochlear pathogenesis.
Together, these high-throughput protein analyses impli-
cate the stress-related molecule, p38, in cochlear respons-
es to damage.
Protein microarray technology can be used to deter-
mine the expression profile of a large number of target
proteins, detect changes in co- and post-translational
modifications of proteins, and identify protein-protein in-
teractions. However, the lack of specific capture mole-
cules is a major factor that limits the broader use of pro-
tein microarray technology.
Protein mass spectrometry is another high-throughput
technology for protein analysis. This technique is the
most comprehensive and versatile tool in protein charac-
terization[11,36]. We are not aware of any publications re-
porting the use of this technique to investigate the sys-
tematic change in protein expression following acoustic
trauma. In a recent meeting on the molecular biology of
hearing and deafness, Savas and co-workers briefly de-
scribed the use of mass spectrometry for the analysis of
Corti tissues following acoustic trauma. It is expected
that this method will be more widely used in hearing re-
search to explore the network of interacting components
of proteins for cochlear tissues after sustaining acoustic
injury.
What We Have Learnt From High-through-
put Analyses
Noise-induced systematic molecular changes
Noise-induced cochlear degeneration is a multifactori-
al disorder. The damage is typically initiated through di-
rect mechanical stress that causes complex biological re-
sponses in these cells. The damage can also be provoked
through signals from other cells. Studies have identified
various stress conditions, including oxidative stress,
apoptotic responses, ischemia, and energy exhaustion. In
contrast to these pathological responses, molecular analy-
ses have revealed complex signaling transduction involv-
ing multiple molecular pathways[7,28,31]. It is expected that
future systematic analyses of the global changes in gene
expression will generate a complete data set for under-
standing the molecular mechanisms of noise-induced co-
chlear degeneration.
Expression change is time dependent.
Several investigations have revealed a time-dependent
expression change[4,19]. During the early phases of cochle-
ar damage, upregulation is the predominate change. In
contrast, during the chronic phases of cochlear degenera-
tion, downregulation is the featured change. These obser-
vations are important for elucidating the molecular re-
sponses in cochlear tissue. However, when interpreting
the time-dependent changes, care should be taken to ex-
clude the potential influence of cell loss on the expres-
sion analysis. As demonstrated in many pathological ob-
servations[14,16,17], severe noise damage causes sensory cell
loss, which complicates the interpretation of results. Al-
though using reference genes to normalize the expres-
sion reduces the impact of this confronting factor, the
heterogeneous cellular composition of the cochlear tis-
sues and variability in the susceptibility of cochlear cells
to acoustic stimulation reduces the power of reference
gene compensation. To this end, use of a noise level that
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is insufficient to induce a large quantity of sensory cell
death is a valid strategy to avoid this problem.
Individual variation in gene expression increases
following acoustic trauma
High-throughput technologies allow the analysis of
the expression of a large group of genes under identical
conditions. The strength of this analysis facilitates the
analysis of consistency of expression across a gene set.
Several studies have shown that the expression levels
across constitutively expressed genes are not homoge-
nous. Some genes are expressed with high consistency,
whereas others have a large individual variation. After
acoustic overstimulation, individual variation in the ex-
pression level increases. Importantly, our study has cor-
related this variation in gene expression with the level of
noise damage[4], suggesting these variable genes might
play a role in individual variation in cochlear responses
to stress conditions. It would be interesting to determine
how variations in the constitutive expression contribute
to individual variations in noise damage.
Challenges for Expression Analyses of Co-
chlear Tissues
Cell-specific analyses are still lacking
The cochlea has a complex structural architecture,
comprising the sensory epithelium, the lateral wall and
the modulus. Each cochlear compartment has heteroge-
neous cell populations. These cells exhibit different sus-
ceptibilities to cochlear stresses. Therefore, a cell-specif-
ic analysis of molecular changes is pivotal for under-
standing overall cochlear responses. To this end, several
techniques have been developed to obtain defined cell
populations from the cochlea[2,13,15]. Laser capture micro-
dissection has been used to collect hair cell-specific sam-
ples from the cochlea[2]. Defined cells are identified un-
der a microscope and captured using a controlled laser
beam. This method facilitates the collection of cells of
interest with high accuracy. However, the integrity of
RNAs extracted from tissue is problematic because of ex-
tensive tissue preparation. The method is also time and
labor intensive, and the amount of RNA obtained is mini-
mal. Another method for the separation of cell popula-
tions is flow cytometry. This method involves the enzy-
matic dissociation and automatic sorting of cochlear
cells via flow cytometry[15]. Although this method results
in a highly purified population of cells, the preservation
of RNA integrity is questionable because the tissue is
processed without effective RNA protection. To capture
defined cell populations and preserve the RNA integrity,
we have developed a microdissection technique to col-
lect sensory cell-enriched samples[5]. This method facili-
tates the isolation of sensory cell-enriched samples, con-
taining sensory(IHCs and OHCs), pillar (both inner and
outer), Deiters, and inner phalangeal and inner border
cells. Importantly, the RNA integrity of the sample is
well preserved, as indicated by high values of the RNA
integrity number. The development of these methods re-
flects efforts to address the question of cell-specific
changes in the cochlea under stress. Further improve-
ment of the purity and quality of cell-type specific sam-
ples is needed.
Miniature size of the cochlear tissue limits the appli-
cation of tissue abundance-dependent assays
The cochlea is small in size. Therefore, the tissue col-
lected from one cochlea is limited. This restriction chal-
lenges many biological assays, requiring sufficient
amount of tissue. The problem becomes more pro-
nounced when a cell/tissue-specific analysis is the goal
of study. We have observed that the total RNA extracted
from one sensory cell-enriched sample is less than 1 ng
in total[5]. To facilitate downstream analyses, we have em-
ployed several methods to improve assay sensitivity. For
qRT-PCR array analyses, we used a pre-amplification
step to increase the amount of cDNA. For RNA-seq anal-
yses, we used the Clontech SMARTerTM Ultra Low
RNA Kit to prepare the sequencing library. We also used
a droplet digital PCR system to examine the expression
of mRNA for small samples (unpublished observations).
With the continuous improvement of sensitivity of mo-
lecular assays, we expect that the disadvantage of small
tissue size will instead become an advantage, represent-
ing a confined anatomic site, which offers a more tis-
sue-specific analysis.
Manipulation of gene expression is a key for deter-
mining the functional role of genes of interest
While the expression analysis provides valuable infor-
mation on the molecular responses to acoustic trauma in
the cochlea, understanding the functional role of each
gene in the degenerative process relies on the experimen-
tal manipulation of gene expression. To this end, several
techniques for expression modulation have been em-
ployed. Knockout/knock-in mouse models are common-
ly used to study genes of interest(Cheatham et al., 2004).
These genetic mouse models provide an ideal means for
controlling gene expression. Many genes play a role in
essential function for survival. Knockout models of these
genes can lead to neonatal fatality. To investigate gene
function in mature animals, conditional knockout tech-
niques have been developed to knockout gene expres-
sion in defined tissue types or cell populations, or at de-
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fined developmental stages. Our lab has used a Cre-loxP
recombination system to conditionally knockout the ex-
pression of the Cdh1 gene in outer hair cells to investi-
gate the role of Cdh1 in noise-induced outer hair cell
death. This approach is time-consuming and labor-inten-
sive because the complicated breeding, crossing and ge-
notyping of animals are needed.
In addition, RNA interference (RNAi) is a conserved
process by which cytoplasmic long double-stranded
RNAs (dsRNAs) are produced through transgenes target-
ed for gene silencing. We have used this technique to
knockdown miRNA expression[27]. In this study, the inhi-
bition of miR-183 using morpholino antisense oligos in
cochlear organotypic cultures revealed a negative corre-
lation between the expression of miR-183 and Taok1. A
major challenge for the application of RNAi to studies of
cochlear tissues is the delivery of small-interfering
RNAs into target cells in the cochlea. Because of the con-
cern of in vivo delivery, RNAi is commonly used in tis-
sue culture studies in vitro, which pose a technical diffi-
culty for mimicking noise-induced cochlear stress.
Conclusions
The prevention of noise-induced hearing loss relies on
an enhanced understanding of the biological and molecu-
lar mechanisms of cochlear degeneration. The recent de-
velopment of high-throughput technologies for expres-
sion changes has significantly advanced our understand-
ing of the biological process of cochlear degeneration
and recovery following acoustic overstimulation. Howev-
er, our knowledge remains incomplete. Further global
analyses of systematic changes in the cochlea will pro-
vide novel insights into molecular responses of the co-
chlea to noise injury and enhance our efforts to explore
novel therapeutic strategies for the prevention of noise-in-
duced cochlear damage.
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